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ABSTRACT: The authors of this report are Architectural Engineering undergraduate students at California
Polytechnic State University, San Luis Obispo. Damping is a complex, experimentally derived value that is
affected by many structural properties and has a profound effect on the dynamic response of structures. Deducing
the inherent damping of a steel moment frame and affecting the damping ratio with viscous dampers are two
topics explored in this paper. Dampers are commonly implemented in resilient structures that perform better in a
design basis earthquake, reducing the seismic cost and downtime. Undergraduate coursework does not delve into
the factors that affect damping and further exploration of this topic can provide a better intuition for this crucial
aspect of seismic design. A time history analysis in ETABS is compared with real acceleration data of a scale
structure excited by a mass shaker. The tests identified a significant decrease of acceleration in the structure for
each successive increase in damping, even when utilizing off-the-shelf devices. The analytical model was capable
of producing results consistent with experimental data. This suggests the modeling of dampers in structural design
can be reliable and showcases the utility of the application of dampers in high seismic zones.
INTRODUCTION
Topic

The implementation of dampers in structural design is a common way to reduce the dynamic response of highperformance structures. Damping devices are typically utilized to decrease both structural and nonstructural
damage by lowering the structural acceleration. Thus, this report aims to explore real structural damping and
methods to increase damping with various configurations of viscous devices.
Purpose

Typical seismic analysis assumes a damping ratio of 5% as a conservative estimate to determine the deflection
and stress of members. Realistically, the damping ratio varies with structural system type, building geometry,
material, and mode of vibration; this variation is not fully discussed in undergraduate coursework. Testing of this
scaled structure is intended to clarify what factors influence the damping ratio of a real building and how this
damping ratio can be altered by the application of viscous dampers. Understanding these factors and their effects
is crucial to designing high-performing structures that have lower downtime after seismic activity, an essential
part of resilient design.
Concept

Damping ratios can be determined through free vibration testing or forced vibration testing. In free vibration
testing, the logarithmic-decrement method compares the relative peak accelerations of successive cycles of
vibration with no external force applied. In forced vibration testing, the half-power bandwidth method compares
steady-state accelerations with a forcing frequency below, at, and above the fundamental frequency. Forced
vibration testing, and thus the half-power bandwidth method, was chosen because it better captures the dynamic
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effect of viscous dampers. As illustrated in Figure 1, if ωa and ωb are the forcing frequencies on either side of the
resonant frequency at which the amplitude u0 is 1/√2 times the resonant amplitude, then for small ξ:
Eq. 1

𝑓𝑓𝑏𝑏 −𝑓𝑓𝑎𝑎
2𝑓𝑓𝑛𝑛

(Chopra, 1995/2017)

= 𝜉𝜉

To perform this testing, a sinusoidal shaking mass was located at the center of the top level to excite the
structure along its weak axis, targeting its fundamental frequency, with no dampers, a single damper on each side,
and two dampers on each side of the frame. The peak accelerations of each sweep were comparable (within 10 m
g) which was critical to limit the variation in the structure's inherent damping and dissipation of energy due to the
potential slip at connection points to better isolate the effect of damper configuration.

Figure 1: Half-Power Bandwidth Method (Chopra, 1995/2017)
Scope

Testing was designed to stay within the elastic limits of the structure to allow for repeatability of testing and
to maintain the possibility of future testing by other students. As structural elements begin to behave plastically,
damping ratios change in complex ways that are beyond the scope of this project. The scale structure was designed
to be similar in its relative stiffness to full-scale structures, though it represents a simplistic geometry and
structural system that do not adequately express the wide variation seen in the built environment. This simplicity
allows for damping to be readily determined without external factors influencing the results. The analytical
modeling of the structure was also mostly adopted from Gerbo’s 2014 thesis and only cursory checks to ensure
the model simplifications were justifiable for our application were conducted.
EQUIPMENT
Scaled Test Structure

For the testing of various damper configurations, a structure built by 2014 MSc student Evan Gerbo (Figure
2) was utilized. This structure is located in the Engineering West Seismic Laboratory (Room 21-18) of California
Polytechnic State University, San Luis Obispo, CA. The structure consists of a two-story steel moment frame
with concrete over metal deck. A visual summary of the details of the structure can be seen below in Figure 2.
For a detailed description of the construction of this test structure, see Gerbo’s 2014 thesis (Gerbo, 2014).
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2nd Floor – 99.875”

18” thick slab over 16 ga
W3-FORMLOK deck with
½” dia. 6” tall studs typ.
W6x8.5 typ.

1st Floor – 48.5”

Damper Location
1” thick base plate typ.
Top of Base Plate – 0.00”

Figure 2: Test structure, note all dimensions are to centerlines U.N.O. (modified, Gerbo, 2014).
Accelerometers

The test structure was previously instrumented with model 603C01 Industrial ICP Accelerometers (Figure 3).
These piezoelectric accelerometers have a sensitivity of 100 mV/g, a measurement range of ± 50g, and a frequency
range of 0.5 to 10,000 Hz (IMI Sensors, 2007).

Figure 3: Model 603C01 Industrial ICP Accelerometer (IMI Sensors, 2007)
Viscous Dampers

ACE Controls HBD-28-200 double-acting, adjustable, hydraulic dampers were utilized in this project (Figure
4). These devices have a stroke of 7.87 in. and have no free travel in either direction through a petroleum oil
medium. The lack of free travel, even at the onset of the piston stroke, is critical for the performance of these
dampers as the expected stroke during forced vibration is very small. The adjustable nature of these dampers was
not utilized and all dampers were set to their lowest resistance for consistency. The average damping coefficient
for vibrational frequencies 4-10Hz is 2.34 lb-s/in; the nonlinear stiffness is 10,000 lb/in; the damping exponent is
1 (Wang & Lara IV, 2019).

Figure 4: ACE Controls HBD-28-200 Hydraulic Damper (Wang & Lara IV, 2019)
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Mass Shaker

The APS 113 ELECTRO-SEIS® shaker (Figure 5) receives an input of electrical current and outputs a
consistent motion optimized for driving structures at their natural resonance frequencies. It has a frequency range
of 0-200 Hz, a total operating weight of 80 lb, and a maximum forcing output of 30 lbf (APS Dynamics, Inc.,
2014).

Figure 5: APS ELECTRO-SEIS® Shaker (APS Dynamics, Inc., 2014)
Function Generator

A BK Precision 4084 Function Generator was used to create the sinusoidal voltages for the mass shaker. The
function generator (Figure 6) was operated manually to output the proper frequencies (Hz) and voltages (mVpp)
for each test configuration.

Figure 6: BK Precision 4084 Arbitrary/Function Generator with Counter (BK Precision, 2015)
Amplifier

The APS Amplifier takes the signal from the function generator and amplifies it to properly power the mass
shaker (Figure 7).

Figure 7: APS Amplifier
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VISCOUS DAMPER ASSEMBLY FABRICATION
To create an assembly that firmly held the damper body in place while allowing for easy connections at each
end, a unistrut bar and accompanying rod of similar geometry to the damper were utilized (Figure 8). The damper
and solid rod were of identical geometry but the solid rod had no damper piston. Drilling holes in the side of the
unistrut allowed for hose clamps to be fed through and around the damper and solid bar. The natural shape of the
unistrut (Figure 9) held the round bars in place for the hose clamps to firmly affix them. This configuration
afforded great flexibility in the overall length of the brace and ensured taking braces out and adding them in was
relatively easy. Importantly, permanent alterations to the test structure and dampers were avoided, ensuring their
viability for future student projects. The connection plates were clamped to the test structure at each end of the
brace (Figure 10). These plates had a specific thickness that ensured very little extraneous slipping occurred in
the connections. Two holes were drilled to allow for easy installation of the second damper in the double damper
configuration.
Fixed End

Damping End

HBD-28-200
Hydraulic Damper

Unistrut

Hose clamp typ.

Figure 8: Plan view of the fabricated damper assembly

Figure 9: Oblique view of the fabricated damper assembly
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Figure 10: Damper assembly connection plates
FORCED VIBRATION TESTING AND INSTRUMENTATION
The mass shaker was placed in the middle of the weak axis of the second story of the structure (Figure 11).
The shaker was placed upside down because a majority of the mass in the shaker is located in the base, allowing
it to more consistently output its force to the structure. A rubber mat was used to reduce the slip between the
concrete slab and the shaker.
There are three accelerometers on each floor of the structure. Each floor had two accelerometers in the weak
axis and one in the strong axis. TWA, TWA2, and TSA are located on the underside of the second floor (Figure
11). TWA is located at the center of mass in the weak axis direction. TWA2 is offset 20” from TWA and is
intended to capture torsional motion of the structure. TSA is located at the center of mass in the strong axis
direction. BWA, BWA2, and BSA are similarly located in the first story. These accelerometers were connected
to the Data Acquisition System outlined in the Data Acquisition and Processing section of this report.

Figure 11: From left to right: mass shaker location, 2nd-floor accelerometers, 1st-floor accelerometers
(Gerbo, 2014).
The dynamic testing was performed on the structure without dampers and in two damped configurations. In
the single damper configuration, one damper on each side (Figure 2) was implemented diagonally on the first
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story of the structure in the weak axis (Figure 12). In the double damper configuration, a second damper was
added to each side of the single damper configuration (Figure 13). In the double damper configuration, the
damping ends occur at opposite ends of the diagonal member to increase the clearance between the two damper
assemblies.

Figure 12: One Side of Single Damper Configuration

Figure 13: One Side of Double Damper Configuration
The acceleration (𝑢𝑢′′), velocity (𝑢𝑢′), and displacement (𝑢𝑢) of a structure excited by a forcing function can be
described by the equation:
Eq. 2
Where:

𝑚𝑚𝑚𝑚′′ + 𝑐𝑐𝑐𝑐′ + k𝑢𝑢 = 𝑝𝑝(𝑡𝑡)

(Chopra, 1995/2017)

p(t) is the forcing function,
m is the mass,
c is the damping coefficient, and
k is the stiffness.
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For our testing, the velocity and the forcing function are 90 degrees out of phase with the displacement of the
structure. The acceleration is 180 degrees out of phase with the displacement (Figure 14). Illustrated in the shaded
band, when the structure is at its peak positive displacement, the structure is at its peak negative acceleration and
the forcing function and velocity are both zero.

Figure 14: Acceleration, Velocity, Displacement, and Forcing Function Relationship
When the structure is at its peak displacement and acceleration, the velocity and forcing function are zero. At this
specific point in the motion, the remaining nonzero variables result in the equation:
Eq. 3

𝑚𝑚𝑢𝑢′′ = −k𝑢𝑢

Therefore, the peak acceleration is linearly connected to the peak displacement of the structure. To maintain
similar displacement between each configuration, the shaker voltage (and thus shaker force) was increased as
more damping was added. This ensured that the peak accelerations between different configurations were
relatively consistent and, at first-mode steady-state vibration, so were the displacements.
This way the damping that came from the structure itself could be removed from the damping added by the
viscous dampers. To make the acceleration similar between each configuration the input voltage was different for
each test. The force output of the mass shaker is variable with frequency and voltage and was characterized in
Table 4.1 of Evan Gerbo’s 2014 thesis (Gerbo, 2014) and is summarized for each test configuration in Table 1
below. The voltage that each configuration was tested at was intended to cause an acceleration of 90 m g at the
roof while at its fundamental frequency.
Table 1: Output Force Per Test Configuration
Configuration
No Dampers
Single Damper
Double Damper
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3.665
3.667
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Voltage
(mVpp)
100
198
275
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To calculate the damping ratio of the structure of each configuration a frequency-response curve was created.
Data was collected for forcing frequencies at intervals of 0.001 Hz starting from the fundamental period of each
configuration and increasing/decreasing until sufficient data were acquired in both directions. This ensured that
the data extended below 1/√2 times the peak acceleration on each side and that enough data was collected to
create a clear curve.
ANALYTICAL MODEL

ETABS was chosen to create an analytical model of the test structure. Many modeling choices and assumptions
for the structure were adopted from Gerbo’s 2014 thesis and are out of the scope of this report. A full description
of the model with justifications can be found in section seven of Gerbo, 2014. In ETABS, dampers were modeled
based on the work done in Wang & Lara IV, 2019, whose research utilized the same dampers. The ETABS model
had a fundamental period of 0.26251 seconds. The model was created to compare the application of dampers in
structural modeling software and real life.
The mass shaker was modeled as a joint load at the center of the top floor with a sinusoidal time history
function applied to it (Figures 15 and 16). The sine wave had a period matching the ETABS fundamental period
of 0.26251 seconds. To ensure the transient response was damped out and the steady-state response dominated,
600 cycles with 300 steps per cycle were tested in the time history (Figure 14).

Figure 15: Mass shaker time history function definition, a 5-second window of ~160 seconds total
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Figure 16: ETABS model with sinusoidal shaker force applied at the second level
The dampers were modeled as a diagonal link between the ground restraint and the first-floor slab. To make
the links applicable to the test setup, the directional properties act in the U1 direction to encompass only the axial
displacement of the dampers (Figure 17). The nonlinear damping was set at 0.0025 kip-(s/in) as extracted from
the Wang and Lara IV results for 4 Hz forcing which was the closest value to our frequency range. Their report
did not show much variation in damping for vibrations of different frequencies.

Figure 17: Damper link property data
A nonlinear modal time history load case was used that includes the dead load and the shaking mass forcing
function (Figure 18). The inherent damping ratio, determined experimentally, was 0.00193 (see Table 2 on page
17); this value was used as a constant modal damping in the time history. For the single damper and double
damper configurations, an additional model was created without the damper links applied and instead had a
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constant modal damping ratio equal to the experimental ratio for that configuration. This was intended to verify
the accuracy of the application of the dampers to the ETABS model.

Figure 18: Forced vibration nonlinear modal load case data
DATA ACQUISITION AND PROCESSING
Data Acquisition System

The six accelerometers were plugged into two NI 9234 connection modules nested within a NI Data
Acquisition (DAQ) System (Figure 19). The first and second modules received data from the first and second
floor accelerometers respectively. The voltage signals from the DAQ were processed further in NI SignalExpress
and Microsoft Excel.

Figure 19: Data Collection Module (left) and Data Acquisition System (right)
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NI SignalExpress

Within NI SignalExpress 2015, the voltages underwent a series of steps to better show the behavior of the
structure. First, the data was acquired at a sample rate of 2k samples per second and each reading was taken once
10k samples were obtained (Figure 20a). This would result in more accurate results as five seconds of data would
be taken for each data point. Then, the data were filtered using a 12th-order Butterworth bandpass filter with a low
cutoff of 0.5 Hz and a high cutoff of 20 Hz to remove contamination due to electrical interference and
accelerometer noise (Figure 20b). Next, the tone extraction step was added to convert the filtered acceleration
data into the detected frequency and accelerations of each accelerometer's motion (Figure 20c). After an initial
frequency sweep revealed the approximate fundamental frequency, the search range for the detected frequency
was narrowed down to within 0.25% of 3.7 Hz. Finally, a power spectrum was plotted to show the total frequency
composition so that any additional mode shapes could be noted if necessary (Figure 20d).

(a)

(b)

(d)

(c)

Figure 20: Data Processing Steps
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After processing, the recorded data was displayed in the data view (Figure 21). This included a plot of the
acceleration of the first and second floors of the structure in the direction of shaking and a plot of the power
spectrum. These plots served to check that the structure was displacing according to its first mode shape and that
any other modes were minimized. In the acceleration plot, corresponding peaks between the first and second floor
indicated the motion in phase instead of half a cycle out of phase. This ensured the motion only differed in
magnitude between floors. In the power spectrum, a single large peak located at the shaking frequency indicated
a successful targeting of the first mode.

Figure 21: Data View of SignalExpress
The detected amplitude of U22, displayed at the bottom of the Data View is boxed in Figure 21 and enlarged
to the right, was then exported to Excel. U22 refers to the accelerometer located at the center of the slab on the
second story (TWA). This degree of freedom was selected to be recorded because it was already a critical
amplitude to monitor to ensure no yielding of the frame would occur. Additionally, as it is in the center of the
structure, it better encompasses the translational motion of the structure than the accelerometer located at the edge
of the structure that was intended to be used for torsional analysis.
Microsoft Excel

The detected amplitude of each steady-state acceleration at the second story was recorded for a sweep of
frequencies above and below the fundamental frequency and manually transferred to Microsoft Excel. To
minimize the error, each acceleration data point within this report represents the average of three recordings within
SignalExpress. The half-power bandwidth method was then used to determine the damping ratio of each
configuration. When calculating the damping ratio, the exact intercept of the bandwidth was determined by
linearly interpolating between the nearest applicable data points.
TESTING RESULTS
Frequency-response curves are plotted below in Figures 22, 23, and 24 for the no damper, single damper, and
double damper configurations respectively. Table 2 summarizes the calculated damping values for each damping
configuration. The absolute change in damping ratio represents the change in damping from the no damper
configuration. The relative change in the damping ratio represents the change in damping from one configuration
to the next.
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2ξ × fn

2ξ × fn

Figure 22: No dampers, frequency-response

Figure 23: Single damper, frequency-response

2ξ × fn

Figure 24: Double damper, frequency-response

Table 2: Comparison of experimental damping ratios using the half-power bandwidth method
Damper
Configuration

Damping
Ratio

Absolute Change
in Damping Ratio

Relative Change
in Damping Ratio

No Damper
Single Damper
Double Damper

0.00193
0.00280
0.00363

45%
88%

45%
30%

Table 3 compares the experimental peak accelerations with the ETABS peak accelerations of the top level for
each configuration. The percent difference between ETABS results and experimental values was within ~10%.
Peak accelerations for each configuration are within 10 m g.
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Table 3: Comparison of analytical and experimental accelerations
Damper
Configuration

Shaker Force
(lbf)

Experimental Peak
Acceleration
(m g)

ETABS Peak
Acceleration
(m g)

Experimental vs
ETABS Percent
Change

No Damper
Single Damper
Double Damper

2.87
5.69
7.84

87
95
95

96
133
143

10.1%
40.0%
50.6%

Table 4 compares the two ETABS models used. One model used damper links in each configuration while the
other model used the experimentally derived constant modal damping (Table 2) in the Nonlinear modal analysis
load case for each configuration.
Table 4: ETABS damper links compared to ETABS constant modal damping

Configuration
Single Damper
Double Damper

Shaker ETABS Peak Acceleration
ETABS Peak Acceleration
Force
(Damper Links)
(Experimental Modal Damping)
(lbf)
(m g)
(m g)
5.69
7.84

133
143

127
137

Links vs Modal
Damping
Percent Change
-4.1%
-4.5%

DISCUSSION
At the start of the project, it was unclear whether the dampers would behave in a viscoelastic manner or a
viscous manner. However, both the single damped and double damped configurations (Figure 23 and 24
respectively) showed no considerable change in resonant frequency when compared to the undamped
configuration (Figure 22). This is interpreted to mean the dampers added no stiffness to the structure, therefore
classifying them as viscous dampers rather than viscoelastic dampers. This result is supported by the hysteresis
plots shown in Figures 4.2 through 4.9 of Wang & Lara IV, 2019 which display an oval shape symmetric across
both the x and y-axis.
The mass shaker was initially placed on the second floor for simplicity (only 5 ft off the ground), however,
exciting the first mode required more shaker amplitude and modal contamination was occasionally present. The
decision was made to move the shaker to the top level where less shaker amplitude was required and the first
mode was able to be easily isolated throughout the tests. This allowed for the assumption that keeping peak
accelerations within ~10 m g across the different damper configurations would ensure consistent displacements
and thus comparable structural damping and viscous damping levels. Ensuring a dominant first mode response
was also important because other modes had different structural damping ratios (Gerbo, 2014).
The fundamental period in ETABS was just 4% smaller than experimental testing showed (0.26251 seconds
compared to 0.27285 seconds respectively). The slightly less stiff response of the test structure could be due to
the baseplates not behaving entirely fixed as modeled.
The ETABS model with dampers applied had accelerations within 5% compared to the ETABS model with an
adjusted constant modal damping ratio that matched the experimentally derived damping ratios (Table 2). This
shows that the ETABS damper links affects the analytical damping ratio just as the experimental dampers affect
the test structure’s damping ratio. In other words, the damper characterization done by Wang & Lara IV, 2019
was accurate. Additionally, the close relationship between the two ETABS modeling techniques (Table 4) means
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the structural damping (0.193% for the first mode) must have stayed constant throughout the frequency sweeps
conducted; this was one of the aims of the testing procedure.
The change in ETABS and real peak accelerations varied greatly for each of our test configurations, ranging
from 10.1% to 50.6% change. Larger percent change was noticed in the configirations with higher peak
accelerations. At first this difference was believed to be caused by an error in shaker force output, but after
checking the accelerations of the shaker on the ground, the data provided from Gerbo, 2014 was deemed accurate.
Potentially, the shaker force output decreases when the base of the shaker undergoes motion such as when it is
located on top of the shaking structure. This logic would align with the observation that there were larger errors
for configurations that had higher peak accelerations. It is reccomended that for future tests similar to this, an
additional accelerometer be placed on top of the shaker to accurately measure the force output of the shaker.
Another potential source of this significant difference is in the method that ETABS performs a time history
analysis losing accuracy due to the small force input as it is designed for much larger forces seen in earthquakes.
Interestingly, doubling the number of dampers (from single dampers on each side to double dampers on each
side) only increased the damping ratio by an additional 30%. This could perhaps be due to the nonlinear nature
of these viscous dampers wherein an increase in dampers is not met by an equal increase in damping. To keep
peak accelerations roughly equivalent, a 98% increase in shaker force was required for a 45% increase in damping,
and a 173% increase in shaker force was required for an 88% increase in damping. This alludes to the effectiveness
of the dampers at reducing the forces in the structure. If the shaker amplitude had been kept constant, the
accelerations and member forces would have reduced dramatically (45%) with the introduction of just one viscous
damper on each side of the frame.
GLOBAL, ECONOMIC, POLITICAL, ENVIRONMENTAL, AND SOCIETAL CONSIDERATIONS
Dampers have applications in many different sectors, from robotics to skyscrapers. They can be used to combat
wind, seismic forces, and many other unwanted sources of movement. In this way, dampers are globally
applicable devices.
Like most devices used in structures, dampers must undergo rigorous testing to ensure their response is
consistent and predictable. This is often the reason full-sized dampers can be expensive and time-intensive to
implement into a building. Enacting some policies to allow small retrofits to occur with less rigorously defined
damping solutions could allow homeowners to make significant improvements in the resiliency of their homes.
This would equate to faster recovery times and less economic hardship.
Even in this small-scale test, significant decreases in floor acceleration were possible with store-bought
dampers. This can lead to a reduction in structural member sizes and a subsequent reduction in embodied carbon
amounts. Dampers are also a non-destructive way to dissipate energy in a seismic event which means that after
an earthquake the dampers will still be completely serviceable, giving them much longer service lives than other
energy dissipation devices like BRBFs. With smaller structural members comes materials cost savings and a
reduction in seismic weight which can even further push member sizes and cost down.
The ACE Controls HBD-28-200 Hydraulic Damper currently is priced at $138.63 (USD) which is an almost
insignificant price compared to the overall cost of a typical structure. Granted these dampers are quite small and
wouldn’t fit in most cases but for smaller structures in developing countries or lower-income communities,
damping can be an effective way of protecting the most vulnerable populations during and after an earthquake.
What we have shown in this project is that it does not take much damping to considerably reduce the dynamic
response of a small-scale structure and therefore it should certainly be considered when looking for structural
solutions that won’t push low-income populations out.
CONCLUSION AND LESSONS LEARNED
Our goal was to further our understanding of structural damping and how it can be augmented with viscous
damping solutions. We not only accomplished this but we also gained valuable skills in data acquisition with
accelerometers and data analysis using Excel. We gained an intuition for damping ratios and how even small
Architectural Engineering Department
Senior Project

College of Architecture and Environmental Design
© 2022 Garrett Barker and Alex Poirier
Page 16 of 20

California Polytechnic State University
San Luis Obispo

changes can have large effects on the steady-state response of a structure. We spent time in the shop, becoming
comfortable with steel fabrication and prototyping while also spending time reviewing our dynamics of structures
notes and applying that curriculum to our challenges. Damping is not an easy characteristic to quantify especially
because it requires experimental testing and cannot be analytically deduced. This is why codes suggest a damping
value of 5% which gives a place to start within your design and a value to check after the construction of the
building is complete. In future pursuits of a damping project like this, an exploration of different angles of the
damper brace, different damper locations on the test structure, and different viscous mediums would all be
interesting avenues of research. Using a kicker brace to amplify piston throw in the damper to see if any changes
in damping occur is also of interest. Overall, we have come away from this project with a better intuition for
damping and heightened respect for the effect dampers can have on the dynamic response of a structure.
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